Osteoarthritis (OA) is a major cause of joint pain and disability, and chondrocyte senescence is a key pathological process in OA and may be a target of new therapeutics. MicroRNA-140 (miR-140) plays a protective role in OA, but little is known about its epigenetic effect on chondrocyte senescence. In this study, we first validated the features of chondrocyte senescence characterized by increased cell cycle arrest in the G0/G1 phase and the expression of senescence-associated b-galactosidase (SA-bGal), p16 INK4a , p21, p53, and gH2AX in human knee OA. Then, we revealed in interleukin 1b (IL-1b)-induced OA chondrocytes in vitro that pretransfection with miR-140 effectively inhibited the expression of SA-bGal, p16 INK4a , p21, p53, and gH2AX. Furthermore, in vivo results from trauma-induced early-stage OA rats showed that intra-articularly injected miR-140 could rapidly reach the chondrocyte cytoplasm and induce molecular changes similar to the in vitro results, resulting in a noticeable alleviation of OA progression. Finally, bioinformatics analysis predicted the potential targets of miR-140 and a mechanistic network by which miR-140 regulates chondrocyte senescence. Collectively, miR-140 can effectively attenuate the progression of early-stage OA by retarding chondrocyte senescence, contributing new evidence of the involvement of miR-mediated epigenetic regulation of chondrocyte senescence in OA pathogenesis.
INTRODUCTION
Osteoarthritis (OA) is a chronic and highly prevalent degenerative joint disease that mainly affects aging people and is anticipated to be the fourth leading cause of pain and physical disability by the year 2020, representing an enormous healthcare and socioeconomic burden. 1, 2 However, the specific mechanisms leading to OA have not been fully elucidated, current OA treatment is mainly limited to pain management, and no effective disease-modifying therapies are available, especially in the late phase of the disease process, by which time joint arthroplasty is often indicated. 3, 4 Chondrocytes are a unique cell type in articular cartilage (AC) and are solely responsible for the production and turnover of the extracellular matrix (ECM), which accounts for 95% of AC. 3, 5, 6 Recently, chondrocyte senescence has been suggested as an important pathological process in OA pathogenesis and may be a target of new therapeutic interventions, although the underlying mechanisms are far from being clarified. 7 Cellular senescence refers to a signal transduction process that results in cells entering a stable state of growth arrest while remaining metabolically active. 4, 8 Price et al. 9 observed senescent chondrocytes (SnCCs) near osteoarthritic lesions in the AC of OA patients but not in the AC of normal donors. Xu et al. 7 found that intra-articular injection (IAJ) of SnCCs could induce an OA-like state in the knees of mice, suggesting that chondrocyte senescence contributes to OA development and progression. 10 Moreover, SnCCs may be able to secrete various proinflammatory cytokines, catabolic enzymes, and other factors known as the senescence-associated secretory phenotype (SASP), enabling SnCCs to communicate with neighboring cells and stimulate them to senesce 8, [11] [12] [13] and to interdict the synthesis of ECM components and activate proteases. [14] [15] [16] [17] Jeon et al. 18 reported that pharmaceutical clearance of SnCCs attenuates the development of OA and creates a proregenerative environment, indicating that chondrocyte senescence is an attractive target for OA treatment. However, epigenetic strategies that can inhibit or delay chondrocyte senescence have rarely been reported.
As a result of aging and exposure to various stresses, cellular senescence is characterized by various epigenetic changes, of which the mechanisms mainly include three categories: DNA methylation, histone modifications, and regulatory microRNAs (miRNAs). 4 miRNAs are a class of single-stranded, noncoding, small RNAs, comprising 22-25 nt, and play roles in biological processes as negative regulators of gene expression by promoting mRNA degradation and/or translational repression through sequence-specific interactions with the 3 0 UTRs of specific mRNA targets. 19 One-third of all mammalian mRNA seems to be under miRNA regulation, 20, 21 and increasing evidence suggests that miR-140-5p (hereafter referred to as miR-140) is mainly expressed in AC, and its level decreases in knee OA cartilage. 22, 23 Although the specific mechanisms have not been elaborated, we have reported that IAJ of miR-140, at the early stage of experimental OA (E-OA), can effectively attenuate cartilage degeneration and OA progression. 19, 24 Compared with the protective effect of miR-140, chondrocyte senescence plays an opposite role in OA pathogenesis, but whether miR-140 can regulate chondrocyte senescence and the potential mechanisms have never been reported.
In the current study, the features of chondrocyte senescence in normal and OA human cartilage and chondrocytes were first investigated. Then, in vitro and in vivo OA models were established, and the hypothesis that miR-140 could attenuate OA progression via protecting chondrocytes against senescence was verified. Finally, bioinformatics analysis was utilized to identify the potential mechanisms by which miR-140 regulates chondrocyte senescence. The results provide initial evidence that miR-140 can effectively attenuate OA progression by retarding chondrocyte senescence and may be a promising therapeutic agent for OA.
RESULTS

Chondrocyte Senescence Correlates with OA Pathogenesis
According to H&E and Safranin O staining of human knee cartilage ( Figure 1A) , the modified Mankin score was significantly higher in the OA groups than in the normal group ( Figure 1B) . Immunohistochemical staining showed that p16 INK4a , p21, and p53 were minimally expressed in normal cartilage, although remarkably increased in OA cartilage ( Figure 1C ). Quantitatively, the percentage of cells positive for these markers was significantly higher in the OA groups than in the normal group, and the middle-to late-stage OA (ML-OA) group showed the highest percentage of positive cells ( Figures 1D-1F ). p53/p21 pathways are typically thought to be activated in response to DNA damage response (DDR), and a significant increase in the expression of phospho-histone H2AX Ser139 (gH2AX) was also found in the OA groups compared with the normal group ( Figures 1C and 1G ). Further correlation analyses showed that the immunopositive chondrocyte percentage of the above senescenceassociated markers was positively correlated with the Mankin score ( Figure S1A ).
Primary chondrocytes were isolated from human knee cartilage, and a significant increase in the percentage of cells in the G0/G1 phase and a significant reduction in the percentage of cells in the G2/M phase were observed in OA chondrocytes compared with normal chondrocytes ( Figure 1H ). Meanwhile, the percentage of senescence-associated b-galactosidase (SA-bGal)-positive cells ( Figures  1I and 1J ), the level of SA-bGal activity ( Figure S1B ), and the gene expression of p16 INK4a , p21, and p53 (Figure S1C) were also increased in OA chondrocytes compared with in normal chondro-cytes. These results indicate that chondrocyte senescence correlates with OA pathogenesis.
Additionally, ECM homeostasis-related molecules, including the primary ECM components collagen type II (COL2) and aggrecan (ACAN) and the key matrix-degrading enzymes matrix metalloproteinase 13 (MMP13) and a disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS5), were also investigated. Both the immunohistochemical analysis of cartilage and the gene expression analysis of primary chondrocytes revealed significantly lower levels of COL2 and ACAN but significantly higher levels of MMP13 and ADAMTS5 in the OA groups than in the normal group (Figures S1D-S1F).
Pretransfection with miR-140 Inhibits IL-1b-Induced Chondrocyte Senescence
A 24-h, 5 ng/mL interleukin-1b (IL-1b) treatment, followed by 48 h incubation in fresh media, was selected for the induction of OA-like chondrocyte senescence (Figures S2A and S2B). Compared with nonstimulated chondrocytes (control group), IL-1b stimulation reduced the miR-140 level in chondrocytes (Figure 2A ), arrested chondrocytes in the G0/G1 phase ( Figure 2B ), and induced increases in the percentage of SA-bGal-positive cells ( Figure 2C Figure 2F ). The differences between the control and IL-1b groups were all statistically significant except for p53 gene expression. IL-1b-induced cell cycle arrest in the G0/G1 phase was not significantly improved, even with fibroblast growth factor 2 (FGF2) stimulation ( Figure S2D ), indicating that IL-1b stimulation can induce irreversible chondrocyte senescence.
Pretransfection with miR-140 increased the intracellular miR-140 level in chondrocytes and reduced the proportion of chondrocytes in the G0/G1 phase; the percentage of SA-bGal-and gH2AX-positive cells; SA-bGal activity; and the gene and protein expression of p16 INK4a , p21, and p53 (Figures 2 and S2C ). The differences in the proportion of chondrocytes in the G0/G1 phase, SA-bGal activity, the percentage of SA-bGal-and gH2AX-positive cells, and the protein expression of p16 INK4a and p21 between the miR-Scr + IL-1b and miR-140 + IL-1b groups reached statistical significance. These findings indicate that IL-1b-induced chondrocyte senescence can be, at least in part, retarded by pretransfection with miR-140. Figures S2E and S2F , the gene and protein expression of COL2 and ACAN significantly decreased, whereas MMP13 and ADAMTS5 significantly increased in IL-1b-stimulated chondrocytes compared with nonstimulated chondrocytes. Moreover, COL2 and ACAN were significantly upregulated at both the gene and protein levels, whereas MMP13 and ADAMTS5 were significantly downregulated at the protein level in the miR-140 + IL-1b group compared with the miR-Scr + IL-1b group, suggesting that pretransfection with miR-140 also protects chondrocytes against IL-1b-induced ECM degradation. 
As shown in
IAJ of miR-140 Attenuates OA Progression in Rats
The rat OA model was established by the classical anterior cruciate ligament transection (ACLT) + destabilization of the medial meniscus (DMM) method, and the effect of miR-140 on chondrocyte senes-cence was investigated in vivo ( Figure 3A ). As shown in Figure 3B , strong fluorescence was observed in and around the right knee region where Cy5-labeled miR-140 agomir was injected, whereas no fluorescence was detected in the left knee region where normal saline (NS) was injected. No fluorescence was observed in other parts of the body. Furthermore, frozen sections of bilateral femoral condyles were made and used for fluorescence imaging, and strong fluorescence was observed in the cytoplasm of almost all cartilaginous chondrocytes in the right femoral condyle, whereas no fluorescence was observed in the left femoral condyle ( Figure 3C ), thus visually confirming that the intra-articularly injected miR-140 can rapidly enter the cartilage and reach the chondrocyte cytoplasm.
The surgical wound healed well within 1 week postoperatively, and no complications were observed throughout the observational period in any rats. As shown in Figure 3D , the number of rears, an important indicator of joint pain and spontaneous activity levels, was higher in the miR-140 group than in the miR-Scr group at T1 to T3, and the differences at T2 and T3 were statistically significant.
The gross appearance of the medial femoral condyles is shown in Figure 3E . The cartilage surface was smooth, and no irregularities or pits were observed in normal rats; these rats even showed a relatively normal surface at T1. Fibrillation, surface erosion, pitting, ulceration, or osteophytes were observed at T2 and T3, and the miR-140 group displayed less extensive cartilage destruction than the miR-Scr group. Quantitatively, the pathological lesion score was lower in the miR-140 group than in the miR-Scr group, and statistically significant differences were observed at T2 and T3 ( Figure 3F ).
The histological changes of the cartilage were further investigated by H&E and Safranin O staining ( Figures 3G and 3H ), and the Mankin score was significantly lower in the miR-140 group than in the miR-Scr group at T1 to T3 ( Figure 3I ). The cartilage thickness and the number of chondrocytes were also higher in the miR-140 group than in the miR-Scr group at T1 to T3 ( Figures 3J and 3K ), and the differences at T2 and T3 were statistically significant. These results suggest that IAJ of miR-140 in the early stage of OA effectively attenuates OA progression in rats.
IAJ of miR-140 Retards Chondrocyte Senescence in Rats
To localize SnCCs in rat cartilage, immunohistochemical analyses for senescence-associated markers, as in human cartilage, were performed. As shown in Figure 4 , there were little to no p16 INK4a -, p21-, p53-, and gH2AX-positive chondrocytes in normal (pre-op) cartilage, whereas the percentage of immunopositive chondrocytes progressively increased over time following surgery. Compared with the miR-Scr group, there were fewer p16 INK4a -, p21-, p53-, and gH2AX-positive chondrocytes in the miR-140 group at T1 to T3, and the differences in p16 INK4a and p21 at T1 to T3, p53 at T2 and T3, and gH2AX at T3 reached statistical significance.
The percentages of COL2-and ACAN-positive chondrocytes progressively decreased with OA progression and were significantly higher, whereas the percentage of MMP13-and ADAMTS5-positive chondrocytes increased and were significantly lower in the miR-140 group than in the miR-Scr group at T1 to T3 ( Figure S3 ). These results indicate that IAJ of miR-140 can effectively attenuate OA progression in rats via stabilizing ECM homeostasis in addition to delaying chondrocyte senescence.
Bioinformatics Analyses of the Potential Mechanisms by which miR-140 Regulates Chondrocyte Senescence
The gene ID of hsa-miR-140-5p is MIMAT0000431, and its mature sequence is 5 0 -CAGUGGUUUUACCCUAUGGUAG-3 0 , which is highly conserved in various species and consistent with that of rno-miR-140-5p (Table S3 ). As shown in Figure 5A , the number of predicted target genes of hsa-miR-140-5p in the miRDB, miRmap, PicTar, TargetScan, and DIANA microT-CDS databases was 413, 1,006, 223, 434, and 304, respectively. A total of 242 target genes were predicted by at least three databases and were used for further analyses (Table S4 ).
Gene Ontology (GO) enrichment analysis revealed that the target genes are mainly located in the cytoplasm, cytosol, membrane, etc. These genes participate in the molecular functions of protein binding, sequence-specific DNA binding, protein ligase activity, etc., and are involved in various biological processes, including regulation of transcription, protein polyubiquitination, signal transduction, etc. Figure S4 ). Enriched signaling pathways for the target genes of hsa-miR-140-5p were further identified by Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis and ranked according to the p values, and 12 pathways were statistically significant ( Figure 5C ; Table S5 ). Among them, the Notch and phosphatidylinositol 3-kinase (PI3K)-AKT pathways are well known to be associated with OA pathogenesis, and the related molecular networks are shown in Figure S5 .
The STRING database was used to predict the functional protein association networks of the target genes; many of the proteins encoded by the predicted target genes of hsa-miR-140-5p interacted with each other ( Figure S6A ); and part of them, including JAG1 and NUMBL in the Notch pathway ( Figure 5D ) and insulin-like growth factor 1 receptor (IGF1R) and Toll-like receptor 4 (TLR4) in the PI3K-AKT pathway ( Figure 5E ), were experimentally validated by western blotting. Finally, brief schematic diagrams were constructed and explained the involvement of chondrocyte senescence in OA pathogenesis and the potential mechanistic network by which miR-140 regulates chondrocyte senescence ( Figure 6 ).
DISCUSSION
OA is one of the most prevalent joint diseases affecting millions of people worldwide, but its pathogenesis has not been fully illuminated, and no effective disease-attenuating or -reversing interventions are currently in clinical use. 25 In this study, we first validated in human cartilage that chondrocyte senescence correlates with OA pathogenesis. Second, we found in an IL-1b-induced in vitro OA model in which pretransfection with miR-140 can partially retard chondrocyte senescence. Third, the in vivo results from a trauma-induced OA model showed that IAJ of miR-140 could induce molecular changes similar to those observed in vitro, resulting in a noticeable alleviation of OA progression. Finally, the bioinformatics analysis predicted the potential targets of miR-140, and a possible mechanistic network by which miR-140 regulates chondrocyte senescence was constructed. The findings of this study not only highlight that miR-140 can effectively attenuate the progression of E-OA by retarding chondrocyte senescence but also contribute new evidence of the involvement of miR-mediated epigenetic regulation of chondrocyte senescence in OA pathogenesis, providing novel potential targets for OA therapeutics.
SA-bGal is a classical indicator of senescence. Gao et al. 26 demonstrated that SA-bGal expression in AC is positively correlated with progressive knee OA joint damage, and our study yielded a similar result. However, SA-bGal may not be regarded as a unique identifier of SnCCs. The key pathways involved in chondrocyte senescence are the p16 INK4a /Rb and p53/p21 pathways ( Figure 6 ). Upregulation of p16 INK4a , in response to various stresses, leads to inhibition of cyclin-dependent kinases (CDKs) that prevent retinoblastoma protein (pRB) phosphorylation and inactivation, causing cell cycle arrest and senescence, whereas activation of p53 induces either growth arrest or apoptosis, in part, by inducing the expression of p21, which is another CDK inhibitor. Moreover, p16 INK4a plays an important role in cell cycle regulation via decelerating progression from the G1 phase to the S phase, 27, 28 and p21 is a major target of p53 and is thus associated with linking DNA damage to cell cycle arrest. 29 Therefore, p16 INK4a has been considered more involved in the maintenance of the senescent phenotype, whereas p21 is critical for establishing senescence. [27] [28] [29] In this study, positive correlations of the levels of p16 INK4a , p21, and p53 and the DNA damage marker gH2AX with OA severity were identified, strengthening the evidence that chondrocyte senescence correlates with OA pathogenesis.
Intrinsic telomere-dependent replicative senescence and extrinsic stress-induced senescence are two main types of senescence, and failure of repair responses, due to chondrocyte senescence, would result in progressive cartilage degeneration. 10, 30 As chondrocytes in the AC of adults do not normally proliferate, 31 it is unlikely that chondrocyte senescence results from multiple cycles of cell proliferation; therefore, repetitive stress stimulation may be the main cause. 10, 32 In addition to the spontaneous senescence of aging, many stressful events, such as inflammation, oxidative stress, and trauma, have been implicated in extrinsic stress-induced senescence. 33 In particular, proinflammatory cytokines, such as IL-1b and trauma, can contribute to an imbalance between anabolic and catabolic mechanisms, which may also result in extrinsic stress-induced senescence. 12, 13, 22, 34 We also verified in this study that chondrocyte senescence and an imbalance in ECM homeostasis were obviously induced by IL-1b stimulation in vitro and by joint trauma in vivo. Furthermore, the SASP is considered to be the main mechanism by which persistent, prolonged senescence occurs, even after the initial stimulus has been removed. 3, 4, 33 Therefore, early blockage or inhibition of chondrocyte senescence is a key consideration in developing new therapeutic protocols for OA.
Jeon et al. 18 reported that selective elimination of SnCCs attenuated the development of post-traumatic OA, reduced pain, and increased cartilage development. These results were further validated in transgenic, nontransgenic, and aged mice via IAJ of a senolytic compound (UBX0101) or a molecule that induces apoptosis in p16 INK4a -expressing cells (AP20187) that selectively killed SnCCs, 18 indicating that chondrocyte senescence is an attractive target for OA treatment. In this study, we mainly focused on epigenetic strategies that can inhibit or delay chondrocyte senescence, which may be a promising approach for treating OA, because unlike genetic changes, epigenetic changes can be reversed and are easily controlled. 24, 35 miR-140 plays a critical epigenetic role in OA pathogenesis, 19 and previous studies have confirmed that the miR-140 level is decreased in human knee OA cartilage and is negatively correlated with OA severity, 22, 23, 36 which seems to oppose the trends of other senescence-related markers, suggesting that epigenetic mechanisms between miR-140 and chondrocyte senescence may exist. As expected, we found that IL-1b-and trauma-induced chondrocyte senescence could be inhibited, at least in part, by pretreatment with miR-140, which has rarely been reported. We also discovered that the potential target genes of miR-140 were enriched in various biological processes, such as metabolic processes, cell proliferation, signal transduction, and response to stress, and were mainly located within 10 pathways, among which the Notch and PI3K-AKT signaling pathways are well known to be involved in OA pathogenesis.
Notch is a single-pass transmembrane cell surface receptor that plays a critical role in cell fate via regulating differentiation and apoptosis. 37 Recent data point to a role for the Notch pathway in the dynamic control of both SASP composition and its net functional output; 38 for example, pharmacological inhibition of Notch signaling is able to reduce senescence features in esophageal keratinocytes. 39 JAG1 is a canonical Notch ligand that is remarkably increased during OA development, 40 and the JAG1-mediated Notch pathway is initiated when JAG1 binds to receptors. Upon ligand binding, the receptor is cleaved by ADAM and subsequently by a g-secretase complex. Then, the Notch-intracellular domain translocates to the nucleus and forms a transcriptional activator that induces the HEY/HES family. Downstream signaling molecules, such as HEY1 and HES1, mediate the catabolic effect of Notch signaling in chondrocytes, inducing the expression of many inflammatory cytokines and proteolytic enzymes, such as IL-1 receptor-like 1 (IL1RL1), MMP13, and ADAMTS5. 40, 41 A previous bioinformatics analysis revealed that the 3 0 UTRs of the key molecules in the Notch pathway, such as JAG1, ADAM10, and HEY1, possess miR-140 binding sites. 42 In our study, JAG1, NCSTN, KAT2B, and NUMBL were predicted as targets of miR-140 and were enriched in the Notch pathway, whereas ADAM10 and HEY1 were also predicted as targets of miR-140, although they were not enriched in the Notch pathway, according to the KEGG pathway analysis. This finding implies that one of the possible mechanisms by which miR-140 retards chondrocyte senescence is the regulation of the functions of the Notch pathway ( Figure 6 ).
Another major pathway identified in this study was the PI3K-AKT pathway, and 12 related genes, including IGF1R, FGF9, PDGFRA, GYS1, PKN2, CREB3L1, TLR4, TNN, EFNA4, BCL2L1, LAMC1, and GNG12, were predicted as targets of miR-140, implying that miR-140 can negatively regulate the functions of the PI3K-AKT pathway and its downstream biological processes. The PI3K-AKT pathway regulates a variety of biological processes, including inflammation, cell growth, survival, and metabolism, in response to growth factors and has also been reported to be involved in both OA pathogenesis and cellular senescence. 43, 44 For example, activation of the PI3K-AKT pathway in chondrocytes promoted the expression of collagenolytic MMPs and ultimately accelerated hypertrophy and degradation of the ECM, whereas inhibition of the PI3K-AKT pathway attenuated cartilage degradation and the inflammatory response. 45, 46 Various stresses, such as IL-1b stimulation and trauma, can induce chondrocyte senescence, primarily through activating the PI3K-AKT pathway and subsequently upregulating p53 and p21 expression, which in turn, stimulates SASP. 47 In addition, DDR activates the checkpoint kinases ATM/ATR and CHK1/2, leading to p53 accumulation and activation through which persistent DNA damage foci result in DNA segments with chromatin alterations that reinforce cell senescence (DNA SCARS); DDR also activates GATA4, which serves as a critical regulator of nuclear factor kB (NF-kB) pathway activation and subsequent SASP activation. 27 Moreover, activation of PI3K-AKT can also trigger the NF-kB pathway in chondrocytes. 46 Therefore, the inhibition of chondrocyte senescence by miR-140, found in this study, may also be partially achieved through the PI3K-AKT pathway ( Figure 6 ).
We found both in human and rat cartilage that the senescence-related markers, expressed mainly at the superficial layer of AC in E-OA and the related SnCC localization, might have important relevance for blocking cartilage regeneration, as cartilage progenitor cells (CPCs), a subtype of chondrocytes with potential stem cell properties, are mainly located in this region. 48, 49 Notch and PI3K-AKT pathwayrelated molecules are expressed in both mesenchymal stem cells (MSCs) and CPCs, 39, 42, 43 and activation of the Notch pathway, especially by the JAG1-mediated route, significantly inhibits chondrogenic differentiation of MSCs by regulation of cellular senescence. 42, 50, 51 PI3K-AKT pathway activation can also promote MSC senescence. 44 These results suggest that miR-140 may promote OA cartilage damage repair by regulating Notch and PI3K-AKT pathway-mediated CPC senescence, although this possibility requires further validation. Moreover, there is a close interaction between Notch and PI3K-AKT signaling, and these pathways are involved in a wide variety of cellular processes. For example, Guo et al. 52 reported that Notch2 may negatively regulate cell invasion by inhibiting the PI3K-AKT signaling pathway in gastric cancer, and Villegas et al. 53 found that PI3K-AKT cooperates with oncogenic Notch by inducing nitric oxide-dependent inflammation. However, few studies have reported the interaction between the Notch and PI3K-AKT pathways in chondrocytes, and further research on this issue may further enrich the theory of OA pathogenesis and promote the exploration of new OA therapeutic targets. Of course, it should be noted that the regulation of Notch and PI3K-AKT signaling in OA remains controversial. 33 For example, Hosaka et al. 40 reported that activation of Notch signaling in chondrocytes contributes to the development of OA, whereas Liu et al. 54 showed that inhibition of Notch signaling in chondrocytes results in a progressive OA-like pathology. Lim et al. 55 reported that inhibition of PI3K-AKT attenuated cartilage degradation, whereas Kita et al. 56 and Rao et al. 57 found that PI3K-AKT activation protects chondrocytes from apoptosis due to endoplasmic reticulum stress and that it is essential for chondrocyte proliferation. Based on existing research, it is difficult to interpret these contradictory results, and therefore, further studies on the roles of the Notch and PI3K-AKT pathways in OA pathogenesis are necessary.
Chondrocytes are solely responsible for the synthesis of ECM components. 5, 58 However, cartilage cellularity is reduced in OA, and the remaining chondrocytes are activated by various cytokines to express a catabolic and abnormal phenotype with poor proliferation and migration potential, resulting in accelerated degradation and limited capacity of the ECM for self-repair and regeneration. [3] [4] [5] 21 In the development of OA, SnCCs secrete various proinflammatory cytokines, chemokines, catabolic enzymes, and other factors and further derange the chondrocyte phenotype toward a hypertrophic phenotype, shifting the balance between synthesis and degradation of ECM in favor of catabolic events. 3, 4, 21 MMP13 and ADAMTS5 are well-known proteases that can degrade a wide range of ECM components, especially COL2 and ACAN, which are the major structural components of the AC and provide tensile strength and shock absorption under mechanical damage. 16, 17 Therefore, agents targeting MMP13 and ADAMTS5 will help promote ECM homeostasis.
Previous studies have shown that both MMP13 and ADAMTS5 are targets of miR-140, and the expression of MMP13 and ADAMTS5 can be inhibited, whereas COL2 can be promoted by miR-140 in natural OA cartilage-derived chondrocytes. 20, 36 We further reported in this study that miR-140 could partially counteract IL-1b-and trauma-induced expression of MMP13 and ADAMTS5 and degradation of COL2 and ACAN, suggesting that miR-140 can stabilize ECM homeostasis in a variety of OA environments.
Intra-articular delivery of drugs or genes offers the ability to sustain therapeutically effective concentrations and provide a secure environment with fewer extra-articular adverse effects. 47, 59 According to most previous studies, the local delivery of genes is dependent on bioactive carriers, such as atelocollagen, lentiviruses, and self-complementary adeno-associated viruses (scAAVs). [60] [61] [62] However, bioactive carriers may have biotoxic effects, 63 and the direct modification of known drugs is a widely used strategy for prolonging their residence time and reducing biotoxicity. 59 In this study, the miR-140 used in vivo was a chemically modified miR agonist, as reported previously ( Figure S6B ). 36, 64 It could rapidly enter the cartilage and reach the chondrocyte cytoplasm after IAJ without extra-articular uptake and then delay chondrocyte senescence and OA progression without inducing complications. These findings suggest that chemically modified miR-140 is a promising therapeutic agent for OA and lay the foundation for the development of miR-based OA therapeutic strategies. Additionally, OA is a whole joint disease rather than a dysfunction of merely cartilage. Peng et al. 61 reported that synovial fibroblasts (SFs) are responsive to miR-140 and that they could inhibit SF proliferation and migration and promote SF apoptosis in autoimmune arthritis mice. In addition, Waki et al. 65 and Li et al. 66 reported that miR-140 played important roles in fracture healing, and Genemaras et al. 67 reported that miR-140 could be detected in meniscus cells, but they did not study the effects of miR-140 on osteoblasts, osteoclasts, or meniscus cells. Therefore, the effects of miR-140 on cells and tissues other than chondrocytes and cartilage, as well as cartilage-targeted delivery strategies, should be further investigated.
There are several limitations to this study. First, the expression of senescence-related markers, particularly p16 INK4a , is well known to be age dependent. 68 The donors in the OA groups were relatively older than those in the normal group, although the difference did not reach statistical significance (Table S1 ) in this study. Second, although IL-1b stimulation and surgical induction (ACLT + DMM) are classical and widely used methods to mimic OA-like changes, 69, 70 OA pathology is much more complex, and an miR-140 knockout mouse model may be more helpful in studying the related molecular mechanisms. Furthermore, we only used male rats to mimic in vivo OA. Therefore, it is necessary to verify these results in female rats in subsequent studies because estrogen may increase miR-140 expression to protect cartilage from degradation. 71 Third, we focused mainly on the effects of miR-140 on chondrocytes and cartilage but did not investigate the effects of miR-140 on the senescent features of other cells (such as fibroblasts, osteoblasts, osteoclasts, and meniscus cells) and tissues (such as synovium, meniscus, and subchondral bone) in the joint. For example, previous studies, such as those reported by Jeon et al. 18 and Farr, 72 have established a causal role of senescent cells in bone loss and have indicated that the targeting of these cells has antiresorptive, anabolic, and remodeling effects on bone; thus, there is an extensive need for further research on the effects of miR-140 in the joint. Finally, we injected only a single dose of miR-140 at the early stage of OA, and an investigation of the therapeutic effects of multiple injections of miR-140 at different time intervals on OA progression is currently under way in our group. We hope to report more information on this topic in the near future.
Taken together, this study provides new evidence that chondrocyte senescence correlates with OA pathogenesis and that miR-140 can effectively attenuate the progression of E-OA by retarding chondrocyte senescence and stabilizing ECM homeostasis. Our study contributes new evidence of the involvement of miR-mediated epigenetic regulation of chondrocyte senescence in OA pathogenesis. Additional comprehensive studies are required to investigate the underlying mechanisms and to explore the potential targets for OA therapeutics.
MATERIALS AND METHODS
Human Cartilage Specimens
This study was approved by the Institutional Ethics Committee of West China Hospital, Sichuan University, and written informed consent was obtained from all of the donors. Knee OA was diagnosed based on clinical and radiological evaluation, and its severity was classified according to the Kellgren and Lawrence (KL) X-ray criteria. 73 Normal cartilage specimens were collected from trauma amputees without any history of OA or other knee diseases, and E-OA (KL grade 1-2) and ML-OA (KL grade 3-4) cartilage specimens were collected from patients with primary OA undergoing knee arthroplasty at the Orthopaedics of West China Hospital, Sichuan University (n = 5 in each group). All cartilage was dissected from the medial femoral condyles, and the OA specimens were taken from the area around the cartilage lesions (within 1.5 cm). The mean ages of the donors with normal, E-OA, and ML-OA knees were 48.00 (39-58), 57.80 (51-65), and 58.60 (51-63) years, respectively, and additional characteristics of the donors are shown in Table S1 .
Isolation and Culture of Primary Human Articular Chondrocytes
A part of each cartilage was used to isolate chondrocytes, as described previously, 36 and the remainder was used for histologic and immunohistochemical analyses. For chondrocyte isolation, the cartilage was washed, minced, sequentially digested for 15 min with 0.25% trypsin (HyClone, Logan, UT, USA) and for 4-8 h with 0.2% (2 mg/mL) COL2 (Sigma, St. Louis, MO, USA) on an orbital shaker at 37 C, and filtered through a 100-mm cell strainer (BD-Falcon, Franklin Lakes, NJ, USA). After washing with high glucose DMEM (DMEM-HG; HyClone) containing 1% penicillin/streptomycin (HyClone), the freshly isolated chondrocytes (defined as passage 0 [P0]) were resuspended in DMEM-HG, supplemented with 15% fetal bovine serum (BI Beit-Haemek, Western Galilee, IL) and 1% penicillin/streptomycin, seeded at a density of 4 Â 10 4 cells/cm 2 , and incubated with 5% CO 2 at 37 C. The media were replaced 24 h after seeding to remove the nonadherent cells and then replaced every 2-3 days. When the monolayer culture reached 80% $90% confluence, one flask or plate was lysed directly for RNA extraction, whereas the cells in the other plates were detached by trypsin and reseeded at 2 Â 10 4 cells/cm 2 (P1) for use in subsequent experiments.
In Vitro IL-1b Stimulation and miR-140 Transfection
In vitro chondrocyte senescence was induced by 24-h IL-1b (MCE, Pudong, Shanghai, China) stimulation of normal chondrocytes. 22 A time course of SA-bGal activity and p16 INK4a staining, including time points of 0 h, 24 h, 48 h, 72 h, 5 days, and 7 days after IL-1b treatment at different concentrations (1, 2, 5, and 10 ng/mL), was investigated, and the IL-1b stimulation paradigm was optimized. A 24-h, 5 ng/mL IL-1b treatment was selected for in vitro chondrocyte senescence establishment, and a further 48-h incubation in fresh media was allowed before the final analysis ( Figures S2A and S2B ). In the experiments using miR-140 mimic (50 nM; RiboBio, Guangzhou, Guangdong, China) or miR-140 negative control (50 nM, scrambled 22 nt with no homology to mammal genome, miR-Scr; RiboBio), transfection was performed using a FECT CP Transfection Kit (RiboBio), following the manufacturer's protocols, 24 h before other experimental procedures, and the efficiency of transfection was monitored by quantitative RT-PCR, 24 h after transfection. To distinguish senescent and dysfunctional cells, the IL-1b-treated chondrocytes were also stimulated with FGF2 (1 ng/mL and 10 ng/mL; MCE) and incubated for 48 h for cell cycle analysis.
SA-bGal Assay
SA-bGal activity was measured using a staining kit (Beyotime, Nantong, Jiangsu, China) and a mammalian SA-bGal assay kit (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's protocols. For SA-bGal staining, chondrocytes were plated and coverslipped, fixed for 15 min at room temperature, washed, and incubated with the staining solution overnight at 37 C. Coverslips were photographed with a Zeiss microscope (Oberkochen, Germany), and the percentage of SA-bGal-positive cells from three random fields was quantified and averaged using the Zeiss Application Suite at a magnification of 400Â . For SA-bGal activity, chondrocytes were plated and intervened in 96-well plates. After washing, 100 mL of b-Galactosidase Assay Reagent was added, the cells were incubated for 30 min at 37 C, and the absorbance was measured at 405 nm.
Real-Time PCR
Total RNA was extracted using TRIzol Reagent (Invitrogen, Carlsbad, CA, USA) and reverse transcribed to first-strand cDNA using a TaqMan Reverse Transcription Kit, according to the manufacturer's protocols (Applied Biosystems, Carlsbad, CA, USA). Primers were synthesized by Sangon (Shanghai, China) (Table S2) , and PCR assays were performed in triplicate using Real-Time PCRBIO SyGreen Mix and an ABI7900 PCR system (Applied Biosystems) and averaged. For each sample, differences in the threshold cycle (DCt) values were calculated by correcting the Ct of the target genes to the Ct of the reference gene b-actin (ACTB), and the relative gene expression was expressed as 2 ÀDDCt with respect to the control group. 74 For miR-140 quantification, MicroRNA Purification Kit (Norgen, Thorold, ON, CA) and Bulge-loop miRNA qRT-PCR Primer Sets (one reverse transcriptase primer and a pair of qPCR primers for each set) specific for miR-140 (RiboBio) were used, according to the manufacturer's protocols, and small nuclear RNA (snRNA) U6 was utilized as an internal control.
Western Blotting
Total protein was extracted using radioimmunoprecipitation assay (RIPA) buffer (Beyotime) with an enzyme inhibitor cocktail. After being lysed on ice for 60 min, the lysate was centrifuged, and the supernatant was collected. The concentration of the extracted protein was determined using a Bicinchoninic Acid (BCA) Protein Assay Kit (Pierce, Rockford, IL, USA), and the remaining protein was mixed with 4 times loading dye (Pierce) and heated at 100 C for 10 min. Equal amounts of proteins were separated using SDS-PAGE and transferred to polyvinylidene difluoride membranes (Hybond, Piscataway, NJ, USA). Following blocking in 5% skim milk for 60 min, the membranes were incubated at 4 C overnight with primary antibodies, including anti-p16 INK4a ; and anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:2,000; ABclonal; Cat. No: TA-08). The membranes were then incubated with secondary antibodies at 37 C for 1 h and visualized using an enhanced chemiluminescence solution (Amersham, Chiltern, Buckinghamshire, UK). The gray values of the bands were quantitatively analyzed using ImageJ software.
Immunocytochemistry
Chondrocytes were inoculated in 6-well plates at a density of 1 Â 10 4 cells/cm 2 with sterile coverslips and cultured prior to intervention. At specific time points, the coverslips were removed, the culture was rinsed, and the cells were fixed with 10% paraformaldehyde for 30 min at room temperature. After washing, the cells were permeabilized using 0.1% Triton X-100 for 10 min and then washed. Afterward, the cells were incubated with 3% H 2 O 2 at room temperature for 10 min and washed and blocked with blocking solution at room temperature for 30 min. The cells were rinsed and incubated with primary rabbit antibodies directed against human gH2AX (1:400; CST, Danvers, MA, USA; Cat. No: 9718) and p16 INK4a (1:100; Abcam), followed by washing again. Finally, the cells were incubated with secondary antibodies and then with chromogen substrate. The gH2AXpositive cells, characterized by dot-like intranuclear puncta, and p16 INK4a -positive cells were manually counted using ImageJ software (NIH, Bethesda, MD, USA), and three random microscopic fields (400 times; Zeiss) were selected and averaged for each coverslip. All of the coverslips were assessed independently by three blinded assessors (H.-b.S., L.L., and M.T.), and the final results were determined via a consensus.
Flow Cytometric Cell Cycle Analysis
After trypsin treatment, detached chondrocytes were fixed with 70% ice-cold ethanol overnight at 4 C. The cells were digested with 100 mg/mL RNase at 37 C for 20 min and then stained with 50 mg/mL propidium iodide for 30 min in the dark. Filtered samples were then analyzed for cycle content on a Celula Sparrow cell sorter, using Celula AISFCM Analyze software (Huaxi Technology Park, Chengdu, Sichuan, China), and the percentage of cells in the G0/ G1, S, and G2/M phases was determined using ModFit LT software (Verity Software House, Topsham, ME, USA).
In Vivo OA Model Establishment
Twelve-week-old male Sprague-Dawley rats (250 ± 20 g) were purchased and housed at the Laboratory Animal Centre of Sichuan University under standard diurnal light/dark conditions, fed a standard commercial diet, and allowed access to tap water ad libitum. All animals received humane care, and all procedures were carried out according to the Guide for the Care and Use of Laboratory Animals. The rats were anesthetized by intraperitoneal injection of pentobarbital sodium (40 mg/kg; Tocris, Bristol, UK), and OA was surgically induced in the right hind knee by ACLT + DMM, according to previous reports. 36, 70 All surgical procedures were performed under sterile conditions, and the rats were allowed to move, eat, and drink freely after surgery.
IAJ of miR-140 and Fluorescence Distribution Imaging
The miR-140 agomir and miR agomir negative control (scrambled 22 nt, miR-Scr; RiboBio) solutions were prepared immediately before injection. One week after surgery, once the wound healed, IAJ was performed under ultrasonic guidance through a medial patellar approach using an insulin syringe with a 29G needle (BD, New York, NY, USA), and then, the rats were allowed unrestricted weight bearing and motion. For in vivo fluorescence imaging, 5 model rats were treated with equal amounts of Cy5-labeled miR-140 agomir (5 nmol in 100 mL double-distilled H 2 O [ddH 2 O]), administered to the right hind knee, whereas NS was administered to the left hind knee. Twentyfour hours later, the rats were anesthetized, and fluorescence was measured using a SpectrumCT in vivo imaging system (PerkinElmer, Waltham, MA, USA). Then, the rats were sacrificed, and the bilateral femoral condyles in the hind knees were obtained. After washing, the condyles were coated with optimal cutting temperature compound (OCT) and quickly frozen, and 6-mm sections were prepared using a Leica RM2235 manual rotary microtome (Wetzlar, Hessen, Germany) and a Feather microtome blade (Osaka, Japan) and naturally dried away from light. Fluorescent images of the sections were acquired by a fluorescence microscope (Zeiss). For subsequent experiments, 30 model rats were randomized into miR-Scr and miR-140 groups (n = 15 in each) and intra-articularly injected with equal amounts (5 nmol in 100 mL ddH 2 O) of miR-Scr and miR-140 agomir, respectively. Five normal rats were designated as normal controls.
Behavioral and Macroscopic Evaluation
At 2, 4, and 6 weeks after modeling surgery (T1, T2, and T3, respectively), 5 rats in each group were randomly selected for evaluation of behavioral changes, as previously described. 75, 76 Briefly, each rat touched the white paper-covered walls of an open field box with its forelimbs, which were stained with ink from foam stamp pads that covered the floor of the box. The rats were monitored for a 25-min period, and the number of rears above a point 5 cm from the button of the paper was counted. After the behavioral evaluation, the rats were sacrificed, and the femoral condyles were harvested. The gross morphology of the cartilage was rapidly photographed and scored using the following 0-4 scale: 0 = surface appears normal; 1 = minimal fibrillation or slight yellowish discoloration of the surface; 2 = erosion extending to the superficial or middle layers; 3 = erosion extending to the deep layer; and 4 = erosion extending to the subchondral bone. 77, 78 Then, the condyles were used for further histological and immunohistochemical analyses.
Histologic and Immunohistochemical Analyses
The human and rat cartilage tissues were routinely fixed with 4% paraformaldehyde at 4 C for 48 h and then decalcified with 10% EDTA at pH 7.4 for 4-6 weeks. After dehydration, all tissues were embedded in paraffin and sagittally sectioned at 6 mm thickness. The sections were de-waxed and hydrated before being stained with H&E and Safranin O. The severity of the cartilage lesions in the loading area of the medial femoral condyle was graded using the modified Mankin scoring system. The chondrocyte number in an equal area (400 Â 200 mm, from the surface to the deep zone) and the cartilage thickness (from the surface to the deep zone) were also measured as reported previously. 79 For immunohistochemistry, the paraffin-embedded sections were processed and incubated with diluted antibodies of p16 INK4a (1:100; Bioss, Cat. No: bs-0740R); p21 (1:100; Bioss); p53 (1:100; GenXspan); gH2AX (1:200; CST); COL2 (1:200; Abcam); ACAN (1:100; Novus); MMP13 (1:100; ABclonal); and ADAMTS5 (1:100; Novus) before staining with secondary antibodies and chromogen substrate. The percentage of immunopositively stained chondrocytes was determined using ImageJ software, and three random microscopic fields (400 times; Zeiss) in the loading area were selected and averaged in each section. All sections were assessed independently by three blinded assessors (H.-b.S., L.L., and M.T.), and the final results were determined via a consensus.
Bioinformatics Analysis of the Possible Mechanism of miR-140-5p
A bioinformatics analysis was further conducted to assess the potential mechanism of miR-140. The mature sequence of hsa-miR-140-5p was obtained from the NCBI and University of California, Santa Cruz (UCSC), databases, and the putative targets of hsa-miR-140-5p were determined using the miRDB, miRmap, PicTar, TargetScan (Release 7.2), and DIANA microT-CDS databases. To make the predicted target genes more convincible, only the target genes predicted by at least three databases were selected for further analysis. The relatedness of these target genes in cellular networks was investigated by GO analysis using the Database for Annotation, Visualization and Integrated Discovery (DAVID; version 6.8). The probable signaling pathways in which these target genes were enriched were analyzed by the KEGG database, and p < 0.05 was considered statistically significant. Finally, the interactive relationships among the proteins encoded by the target genes were mapped using the STRING database (version 11.0), and only the interactions with a combined score >0.4 were considered significant. To validate the effect of miR-140 on the proteins encoded by the predicted target genes of hsa-miR-140-5p, normal human cartilage-derived chondrocytes were used, and IL-1b stimulation (24 h, 5 ng/mL), miR-Scr/miR-140 transfection, and western blotting were conducted as described before. The primary antibodies, including anti-JAG1 (1:1,000; Invitrogen; Cat. No: PA5-72843), anti-NUMBL (1:500; Affinity, Cincinnati, OH, USA; Cat. No: DF6863), anti-IGF1R (1:1,000; Abcam; Cat. No: ab131476), and anti-TLR4 (1:500; Abcam; Cat. No: ab13556), were used.
Statistical Analysis
All experiments were performed using samples from at least three donors or rats. All quantitative data were presented as the mean and 95% confidence intervals (CIs) and assessed for normality of distribution using the Kolmogorov-Smirnov and Shapiro-Wilk tests before data analysis. The t test or the Mann-Whitney U test was used to identify the significance of the differences between two groups, whereas oneway ANOVA with Tukey's post hoc analysis or Kruskal-Wallis H with Student-Newman-Keuls (SNK) post hoc analysis was carried out for multiple group comparisons. All statistical analyses were performed using SPSS software (version 22.0; IBM, Armonk, NY, USA), and p values <0.05 were considered statistically significant.
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